Uniaxial strain is induced by pushing single-wall carbon nanotubes ͑SWNTs͒ with an atomic force microscope tip. The vibrational and electronic energies of nanotubes are found to be very sensitive to strain. For both metallic and semiconducting SWNTs under strain, the D, G, and GЈ band Raman modes are downshifted by up to 27, 15, and 40 cm −1 , respectively. The relative strain-induced shifts of the D, G, and GЈ bands vary significantly from nanotube to nanotube, implying that there is a strong chirality dependence of the relative shifts. Semiconducting SWNTs remain strongly resonant under these large deformations, while metallic SWNTs appear to move in and out of resonance with strain, indicating a strain-induced shifting of the electronic subbands. Tight-binding calculations of the electronic band structure of semiconducting and metallic nanotubes under uniaxial strain predict significant shifting of the subband energies, leading to strain-induced changes in the Raman intensity. These theoretical predictions are consistent with what we observe experimentally for metallic nanotubes, but not for semiconducting nanotubes.
I. INTRODUCTION
Resonant Raman spectroscopy is an excellent tool for studying single-walled carbon nanotubes ͑SWNTs͒. It provides a nondestructive way of measuring the precise phonon energies of nanotubes and requires relatively little sample preparation. When the laser energy is resonant with an electronic transition energy in a nanotube, the Raman signal can be large enough to observe spectra from an individual isolated SWNT.
1 Because of this resonance condition, Raman spectroscopy also gives a measure of the electronic band structure of the SWNTs. 1 Many theoretical predictions have been made on the properties of individual SWNTs under strain. [2] [3] [4] [5] These models predict significant changes in the electronic band structure and phonon frequencies under uniaxial strain. Evidence for these changes has been observed experimentally by measuring Raman spectroscopy of nanotube composite materials ͑such as nanotubes in epoxy͒ under strain. [6] [7] [8] [9] However, these macroscopic Raman measurements are averaged over many SWNTs, both metallic and semiconducting, with different chiralities and different orientations and, hence, varying degrees of strain. The effect of strain is further complicated by the curing of the epoxy which causes a hydrostatic pressureinduced shift in the Raman modes 10 and also by fracture of the epoxy 11 which leads to an inhomogeneity of strain. In this work we measure the direct effect of strain on individual SWNTs, thus eliminating effects of ensemble averaging and effects introduced by a composite medium. In our previous work 12 we demonstrated a large strain-induced downshift of the phonon frequency in two semiconducting nanotubes. In the current work we present data on 13 semiconducting nanotubes and 5 metallic nanotubes. We find that the strain-induced downshift of the phonon frequency depends strongly on chirality and that the radial breathing mode ͑RBM͒ Raman spectra of metallic nanotubes respond very differently to strain than those of the semiconducting nanotubes. The details and understanding of this difference will be discussed later in this paper.
II. EXPERIMENT
SWNTs synthesized by laser arc discharge are deposited from a sonicated dichloroethane solution onto a Si substrate coated by a 1-m-thick layer of SiO 2 . Metal pads of Cr -Au 1 m wide are patterned on top of the SWNTs using electron beam lithography. A perpendicular displacement of the SWNT is created by pushing the SWNT with an atomic force microscope ͑AFM͒ tip, 14 as shown schematically in Fig. 1 . The metal pads hold the ends of the SWNT in place, so the extra length added by the displacement creates a uniaxial strain. We determine the amount of strain in the SWNT by dividing the elongation ͓measured by subtracting the unstrained length from the deformed length in the AFM image of the SWNT ͑Fig. 1͔͒ by the total unstrained length between the metal pads. This way any slack in the nanotube is accounted for in the prestrain length. This assumes that the strain is uniform along the length of the nanotube, an assumption justified by our spatially resolved Raman spectra.
Considering the large radius of curvature of the displacement ͑several microns͒ and the small radius of the nanotube ͑0.5 nm͒, we conclude that the transverse component of the strain is negligible. Therefore the elongation of the nanotube is the largest distortion to the lattice. Residue left over from lithographic processing can be seen in the AFM image of Fig. 1 . Scratches in this residue layer can be seen where the AFM tip was dragged to displace the SWNT. The prestrained position of the SWNT can be seen easily because of the disturbance to the residue and this allows us to image the strained and unstrained lengths of the SWNT simultaneously. Raman spectra were measured on a Renishaw microprobe RM1000B with a 514-nm ͑2.41-eV͒ Ar-ion laser and a 633-nm ͑1.96-eV͒ HeNe laser. By aligning the laser spot relative to the metal pads, we can ensure from the AFM images that there is only one nanotube present. The average separation of nanotubes on these samples was ϳ3-4 m. Spectra were taken at a laser power of 1 -2 mW, with light polarized linearly along the nanotube axes.
III. UNIAXIAL STRAIN IN SEMICONDUCTING NANOTUBES
The SWNTs studied in this work have RBM frequencies in the range 170-194 cm −1 , which roughly correspond to a diameter range of 1.3-1.5 nm, obtained by using the relation d t = 248/ RBM .
1 By comparing the laser energy with the resonant transitions of all SWNTs within this diameter range calculated using a simple nearest-neighbor tight-binding model, 15, 16 we determine that for this SWNT sample, the 514-nm ͑2.41-eV͒ Ar-ion laser is resonant with the third subband transition of semiconducting SWNTs, E 33 S . 17 The sharp characteristic G-band line shape corroborates the semiconducting nature of these SWNTs. Similarly, the SWNTs that are resonant with the 633-nm ͑1.96-eV͒ HeNe laser are metallic and resonant with the first subband transition E 11 M . These metallic SWNTs all exhibit a broad asymmetric BreitWigner-Fano ͑BWF͒ G-band line shape 18 corroborating their metallic nature.
Looking first at the semiconducting nanotubes, we measured a total of 13 semiconducting SWNTs before and after inducing strain. We focus our study on the four main Raman features of SWNTs, the radial breathing mode ͑RBM͒ ͑ϳ100-300 cm −1 ͒, the disorder-induced D band ͑ϳ1320 cm −1 ͒, the G band ͑ϳ1590 cm −1 ͒ with upper and lower frequency components G + and G − , respectively, and the GЈ band ͑ϳ2630 cm −1 ͒. The downshift of the D, G, and GЈ bands is understood on the basis of the elongation of the carbon-carbon bonds, which weakens the bonds and therefore lowers their vibrational frequency. Typical Raman spectra for semiconducting nanotubes under strain are given in a previous publication. 12 The Raman peaks of the semiconducting SWNTs were fitted to Lorentzian line shapes, and the strain was estimated from the geometry of the nanotubes obtained from AFM images.
The results of these 13 semiconducting nanotubes are summarized in Table I and Fig. 2 , where we have listed and plotted the strain-induced downshift of the D, G, and GЈ bands for all 13 semiconducting SWNTs. A consistent trend of increasing downshifts with increasing strain in these mode frequencies is apparent amidst the large spread in the data points ͑see Fig. 2͒ . The lines drawn in Fig. 2 represent leastsquared error fits of 20.5, 11.7, 16.7, and 37.3 cm −1 per % strain for the D, G − , G + , and GЈ bands, respectively. To avoid having the large strain data points dominate the fit, the two data points corresponding to 1.45% and 1.65% strain were left out of the fit and Fig. 2 . It is tempting to fit the GЈ and G + data in Fig. 2 to two lines, attributed to two families of behavior. However, the two families of points in GЈ do not correspond to the same nanotubes in the two families of G + . It is also tempting to attribute the large spread in the data to our crude estimation of strain, perhaps made worse by slippage of the SWNTs under the metal electrodes. However, we should note that each point in these plots is taken from a different nanotube, and therefore, effects associated with diameter and chiral angle would be expected to lead to some variation. Each mode will depend on somewhat different force constants, which depend on chirality, so that for an individual SWNT, the large variability that is observed is not so unexpected. As is evident from Table I , the relative shifts of the D, G, and GЈ bands are not in a fixed relation with each other. That is, for some SWNTs the D band shifts more than the G band, while for other SWNTs the G band shifts more than the D band. We also observe a large variability in the relative shifts of the D and GЈ bands, and these relative shifts should scale roughly by a factor of 2, since G Ј Ϸ 2 D for unstrained SWNTs. We therefore conclude that a large variation in the strain dependence of the D, G, and GЈ modes exists for different nanotubes with different chiralities and is not an artifact of our determination of the strain.
The frequency downshifts observed are approximately 4 times larger than those observed in bulk composites. 6, 7, 9 This 75% underestimate of strain in these nanotube-epoxy composites is presumably due to slippage between the SWNTs and the epoxy matrix and to ensemble averaging errors. This result has some rather negative implications for applications where carbon nanotubes are added to a composite to increase the material's stiffness and strength, although some work on nanotube-polymer adhesion 13 indicates that adhesion is very strong. Therefore, the weak strain dependences observed in these composites may be due to poor nanotube dispersions.
For these semiconducting SWNTs, the RBM remained unchanged in both frequency and intensity under strain. This seemingly inconsistent result-that the D-, G-, and GЈ-band frequencies are strongly affected by strain while the RBM is unaffected-can be understood if we consider the large magnitude of the D-, G-, and GЈ-mode frequencies ͑ϳ1320, 1590, and 2630 cm −1 ͒ relative to the RBM ͑ϳ190 cm −1 ͒. The shifts observed in the D, G, and GЈ modes due to strain are approximately 1% of the mode frequencies. A 1% change in the RBM frequency would result in a less than 2 cm −1 shift, which is close to the minimum resolution of our spectrometer. For all six semiconducting nanotubes measured that showed a RBM feature in their spectra, no change in the RBM intensity or peak position due to strain was observed within our experimental accuracy. It is surprising that the semiconducting SWNTs remain strongly resonant with the laser energy after such large perturbations to their lattice. This indicates that the positions of the van Hove singularities in the electronic band structure of the SWNT do not change significantly with strain. As calculated below, a strain of 1% can shift the band gap by as much as 100 meV. The range of laser energies over which the Raman signal of a nanotube can be observed is known as the resonance window. The resonance window of the RBM is expected to be ϳ60 meV. 19 We therefore expect to see a significant change in the intensity of the RBM for large strains. In addition, the relative intensity of the Stokes and anti-Stokes Raman peaks gives a very precise measure of the energy of a nanotube's van Hove singularities. 20 However, we observe no change in the Stokes/anti-Stokes intensity ratio in any of the six semiconducting SWNTs that showed a RBM feature in their spectra. This indicates that the straininduced shift of the van Hove singularities ͑or electronic transition energies͒ does not exceed the resonance window. We do, however, see significant changes in the RBM intensity for metallic SWNTs, as will be discussed below.
IV. UNIAXIAL STRAIN IN METALLIC NANOTUBES
Raman spectra were also measured with a 633-nm ͑1.96-eV͒ HeNe laser which, for the diameter distribution of the SWNTs of this sample, are in resonance with predominantly metallic nanotubes. For these SWNTs the laser energy is in resonance with the first subband transition E 11 M . Figure 3 shows the Raman spectra of a typical metallic nanotube before and after inducing 0.95% strain. We see again significant downshifts of 10-15 cm −1 of the D-, G-, and GЈ-band Raman modes with strain, as we did for semiconducting SWNTs. The G band for metallic nanotubes looks quite different from that of semiconducting nanotubes. There is a sharp high-frequency component ͑G + ͒ that is also observed in the spectra of semiconducting nanotubes. However, the lower-frequency component ͑G BWF ͒ exhibits a broad asymmetric Breit-Wigner-Fano line shape associated with electron-phonon coupling to the continuum of electronic states in metallic nanotubes 18 and is not observed in semiconducting nanotubes.
In Fig. 3 we see that the RBM feature appears at 184 cm −1 after strain is induced, indicating that the SWNT was brought into better resonance with E laser by the applied strain, while the intensities of the D, G, and GЈ bands change by only a fraction of the initial intensity. The shoulder peak appearing at 175 cm −1 originates from the underlying silicon substrate and will be ignored in our analysis. The D, G, and GЈ bands have larger resonance windows than the RBM because the RBM has a small phonon energy and therefore a smaller energy difference between incoming and outgoing photon resonance possibilities. This makes the RBM more sensitive to changes in the resonance condition, 19 either by changes in the laser energy or by changes in the energy of the resonant electronic transition in the SWNT. Since, in these experiments, the laser energy is fixed ͑1.96 eV͒, the change observed in the relative intensity of the RBM indicates a shift of the resonant transition E 11 M , such that E 11 M of the SWNT becomes closer to the laser energy. All five metallic SWNTs measured before and after strain showed significant changes in their RBM intensities. One SWNT was found to fall completely to an off-resonance situation after strain, while another was brought on resonance from a previously off-resonance situation. There were no observable differences in the intensities of the D, G, and GЈ bands for the nanotubes where strain improved the resonance condition relative to the nanotubes where strain spoiled the resonance. Table II summarizes the Raman data of five metallic nanotubes measured before and after strain. The RBM and D-, G + -, and GЈ-band peaks were fitted to Lorentzian line shapes, while the G BWF was fit to a Breit-Wigner-Fano line shape. 18 The D, G, and GЈ modes are significantly downshifted to lower wave numbers when strain is applied. However, unlike semiconducting nanotubes the Raman mode shifts of metallic nanotubes do not seem to scale with strain, and there is considerable variability in the data. No change in the RBM frequency was observed; however, the intensity of the RBM was found to be very sensitive to strain.
The appearance and disappearance of the RBM with strain is in striking contrast to that of the semiconducting nanotubes, whose RBM's were not observed to change at all with strain. For metallic nanotubes the resonant electronic transition is between the first conduction and valence subbands E 11 M , whereas for semiconducting nanotubes the resonance is between the third subbands E 33 S . Detailed calculations of these two resonance conditions are discussed below.
V. TIGHT-BINDING CALCULATION
In order to understand the changes in the Raman intensity of nanotubes under strain we calculate the electronic subband energies using a tight-binding model similar to that developed by Yang et al. 3, 8 The model is based on the nearest neighbor tight binding of two-dimensional graphite and the periodic boundary condition imposed by the quantization of the circumferential momentum k c : namely, k c C h a 0 =2j, where j is an integer and C h is the circumference of the nanotube in units of the graphene lattice vector a 0 = 0.249 nm. Under uniaxial strain ⑀, we allow the three C -C bond vectors to elongate in the axial direction:
where ĉ and t are the circumferential and axial unit vectors, respectively. As the C -C bond length increases, we expect the overlap integral ␥ 0 to decrease inversely as the bond length squared, 3 ␥ i = ␥ 0 ͑r 0 / r i ͒ 2 . The ␥ 0 value used in these calculations is 2.9 eV and the unstrained bond length r 0 is 0.144 nm. Including these strain-dependent terms in the tight-binding calculation gives the strain-dependent energy dispersion relations of carbon nanotubes:
Here the circumferential and axial components of the momentum are k c =2j / C h a 0 and − / T ഛ k t ഛ / T, respectively, where T is the length of the unit cell. The density of states per unit length can be obtained from E͑k ជ ͒ by taking its derivative with respect to axial momentum and summing over the subbands:
where N is the total number of subbands. We should note that this model calculates the first-order perturbation of strain using a simple tight-binding model. It thus assumes that the energy eigenvalues do not mix and is expected to work well only for small perturbations in the low-strain limit. We are interested in the strain dependences of the subband transition energies that are resonant with the laser energy, which for this experiment are E 11 M for metallic nanotubes and E 33 S for semiconducting nanotubes. Figure 4 shows the calculated joint density of states of a ͑14,6͒ semiconducting nanotube and a ͑16,1͒ metallic nanotube under 1% strain. Both nanotubes were chosen to have E ii values similar to the laser energies used in the experiment ͑2.41 and 1.96 eV, respectively͒ and radial breathing mode frequencies ͑ RBM ͒ similar to those observed in the experiments. Looking first at the ͑14,6͒ nanotube in Fig. 4 , it is clear that 1% strain causes a downshift of 57 meV in the position of the van Hove singularity. For the ͑16,1͒ metallic nanotube in the figure, the two peaks of E 11 M shift toward each other by 94 and 76 meV due to the strain. Thus the application of 1% strain causes a decrease in the splitting of E 11 M by approximately 170 meV. These plots represent typical behavior under strain. However, for semiconducting nanotubes the position of the van Hove singularity can shift both upward in energy, if ͑n − m͒ mod 3 = 1, and downward, if ͑n − m͒ mod 3 = 2. These predictions are similar to those reported in Ref. 8 . Figure 5 shows the calculated shift of the subband transition energies plotted as a function of strain for various nanotubes with different chiralities. The strain-induced shifting of E 11 M ͑low energy component͒ and E 33 S is very linear in this strain range and is very sensitive to chiral angle. The shifting is largest for nanotubes with zero chiral angle ͑zigzag nanotubes͒ and smallest for nanotubes with large chiral angles. There is no shift for armchair nanotubes ͑ =30°͒, whose bonds make 30°and 90°angles with t. The chiral angle dependences of the strain-induced shift of E 33 S and of the low-energy component of E 11 M at 1% strain are also plotted in Fig. 5 . It is convenient to describe nanotubes under strain in ͑n − m͒ mod 3 families. For ͑n − m͒ mod 3 = 1, E 33 S increases with strain, and for ͑n − m͒ mod 3 = 2, E 33 S decreases with strain. For E 44 S the strain-induced shifts are in the same direction as for E 22 S but opposite to E 33 S . For a given chiral angle, the shift in E 33 S for ͑n − m͒ mod 3 = 1 semiconducting nanotubes is approximately 25% smaller in magnitude than those of the metallic nanotubes and of the ͑n − m͒ mod 3 = 2 semiconducting nanotubes.
The intensity of the Raman signal is expected to change as the resonant subband transition energy shifts toward or away from the laser energy. The intensity of the resonant Raman signal can be expressed as
where M is the scattering matrix element which is assumed for simplicity to be constant in energy, g͑E͒ is the joint density of states, E l is the laser energy, E ph is the phonon energy, ϳ23 meV ͑185 cm −1 ͒ for the nanotubes in this study, and ⌫ r is the inverse scattering lifetime for the Raman scattering process. 19 The two terms in the denominator describe resonance conditions for incoming and outgoing scattered light. For the ±E ph term, the Ϫ sign applies to Stokes processes ͑phonon emission͒ and the ϩ sign applies to anti-Stokes processes ͑phonon absorption͒. Figure 6 shows the calculated intensity of the radialbreathing-mode Raman signal as a function of laser energy for a ͑14,6͒ semiconducting nanotube and a ͑16,1͒ metallic nanotube with and without strain. Here we plot both the high-and low-energy components of E 11 M , although only resonances with the low component have been observed experimentally for the RBM feature. 21 We see significant shifting of these resonant peaks due to strain. The peaks describe a resonance in the Raman intensity, which occurs when the laser energy is sufficiently close to the subband transition energy in the nanotube. The range of energies which yield a resonantly enhanced intensity is known as the resonance window and is approximately 60 meV. As can be seen from these plots, as the resonant peaks shift ͑due to strain͒ toward or away from the laser energy, the intensity can change by a large amount. The ͑14,6͒ nanotube represents a nanotube that shifts off resonance with applied strain, while the ͑16,1͒ nanotube shifts onto resonance with strain, like the experimentally measured SWNT of Fig. 3 .
The strain-induced changes can either increase or decrease the Raman intensity, depending on the laser energy. The magnitude of the shift depends strongly on chiral angle, regardless of whether the nanotubes are semiconducting or metallic. From theory, we expect to see significant changes M and E 33 S . Bottom: chirality dependence of the shift in E 11 M and E 33 S under 1% uniaxial strain. Calculations were made on nanotubes in the diameter range 1.1-1.5 nm.
in the Raman intensity for both metallic and semiconducting nanotubes with small chiral angles ͑ Ͻ 15°͒. This is consistent with what we observe experimentally for metallic nanotubes. However, it is surprising that no such change is observed experimentally for the semiconducting nanotubes. One possible reason for this discrepancy between theory and experiment is that the semiconducting nanotubes may not be totally in resonance; therefore a large change in E ii will not affect the intensity strongly. Another possible explanation is that the resonance window of the E 33 transition of the semiconducting nanotubes is broadened by some additional factor not taken into account in the model calculation. A change in the RBM intensities of semiconducting nanotubes was obtained experimentally during the deformation of composites. 8 One difference is that a 785-nm laser was employed in that work, in resonance with the E 22 transition of the nanotubes. In all of the work presented in this paper Raman spectra were taken at a fixed laser energy ͑514 and 633 nm͒. This technique could be further improved with a tunable laser whereby a shift in E ii could be measured directly rather than by inferring it from the change in Raman intensity.
VI. CONCLUSIONS
Carbon nanotubes are found to be very sensitive to strain. By applying uniaxial strain we are essentially able to tune the electronic and vibrational energies of a single isolated nanotube in a controllable way. Raman spectroscopy is a very sensitive tool to study the effects of strain in carbon nanotubes. For uniaxial strains as low as 0.06% we can easily find resolvable shifts ͑Ͼ2 cm −1 ͒ in the Raman frequencies. For metallic and semiconducting SWNTs with strain up to 1.65%, we find shifts in the D-, G-, and GЈ-band Ramanmode frequencies as large as 40 cm −1 . The relative shifts of the D, G, and GЈ bands with strain do not scale proportionally for different SWNTs and appear to be quite sensitive to chirality. For metallic SWNTs the observed RBM intensities vary with strain, which is attributed to the transition energy moving in and out of resonance as the applied strain is varied. Tight-binding calculations predict a strain-induced shifting of the subband transition energies of both semiconducting and metallic nanotubes. However, the RBM intensities of semiconducting nanotubes are not found to change with strain and may indicate that these nanotubes are not fully resonant with the laser energy.
